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We demonstrate that an afterimage resulting from a strong foveal light ﬂash can be made to pulsate by luminance modulation of a
surrounding annulus as far as 8 deg away. Afterimage pulsation persists even if all artifacts due to pupil size, stray light and simultaneous
contrast are ruled out. This suggests an origin by a long-range neural process acting from the remote surround. The eﬀect is interpreted in
terms of an adaptive gain control optimizing the responses of visual cells.
 2005 Elsevier Ltd. All rights reserved.
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Induced brightness and color from the surround changes
the appearance of the enclosed surface area in the same or
opposite direction (Chevreul, 1839; Heinemann, 1955,
1972; Valberg, 1975; Walraven, 1967, 1977). In simulta-
neous contrast, a bright surround makes an inner ﬁeld ap-
pear darker, while a dark surround makes the same area
appear brighter (Hering, 1878). In comparison, in assimila-
tion the perceived change moves the enclosed ﬁeld in a
direction towards greater similarity (DeWeert & Spill-
mann, 1995). Although these lateral eﬀects are important
in global adaptation and color constancy (Wallach, 1963,
1967), they still lack a satisfactory neural explanation. It
is unclear whether the induced brightness changes can give
rise to a brightness change of their own. Cornsweet and
Teller (1965) reported that the detection threshold for a
small test spot superimposed onto a background of vari-
able apparent contrast remained constant irrespective of
the perceived brightness. The authors therefore concluded0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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not aﬀect threshold perception.
Here, we report on a remarkable long-range eﬀect that is
likewise independent of simultaneous contrast although it
derives its dynamics from the luminance modulation of the
surround. The test in our study is a ﬂash-induced foveal
afterimage. Such an afterimage looks dark when viewed on
abackgroundof high luminance andbright on a background
of low luminance. Consequently, the brightness of the after-
image pulsates in counter-phase to the background when the
luminance of the background is temporally modulated (Eb-
becke, 1929;Robertson&Fry, 1937). Thismodulation coun-
teracts local adaptation and thus prolongs the visibility of
the afterimage by a factor 2–3 (Gerling & Spillmann, 1987;
Magnussen & Torjussen, 1974).
Curiously, afterimage pulsation is also observed when
the luminance of the background is kept steady, while the
surround is modulated (for details see Fig. 1). For example,
when an outer annulus is modulated at high contrast, the
afterimage changes in counter-phase to the surround mod-
ulation and in phase with the induced simultaneous con-
trast on the disk (Fig. 2). The afterimage appears
brighter on a brighter background and darker on a darker
background. This suggests that, contrary to a direct stimu-
Fig. 1. Stimulus pattern. The 0.7 deg foveal afterimage was projected onto
the center of the gray disk and its pulsation was studied in response to
sinusoidal light modulation of the surrounding annulus.
Fig. 2. Phase relationships. Schematic representation of the phase
relationships between the luminance modulation (lu) of the annulus and
disk on one hand, and the induced brightness changes (br) on the disk and
in the afterimage on the other. Note that the afterimage pulsates in
counter-phase to the luminance modulation (e.g., the annulus) and thus
the compensatory modulation on the disk has to be in phase to the
afterimage. Amplitudes are not to scale. The panel on top illustrates the
brightness proﬁles perceived by the observer.
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by the perceived simultaneous brightness contrast of the
disk. The pulsation of the afterimage persists even after
all artifacts due to changes in retinal illumination have
been ruled out. We therefore conclude that the phenome-
non under consideration is based on a long-range neural
process due to remote control by the surround.
We have determined experimentally the strength of this
neural eﬀect for two disk sizes (6 and 8.4 deg radius). Its
signiﬁcance is likely to be a fast adaptive gain control opti-
mizing the responses of visual cells (Breitmeyer & Valberg,
1979; Valberg, Lee, Tigwell, & Creutzfeldt, 1985).
2. Methods
2.1. Observers
BZ, CV, KS, and TA, aged 22–30 years, all naı¨ve to the
purpose of the experiment, and LS, 65 years, served as
observers. All had normal or corrected-to-normal visualacuity and normal contrast sensitivity. A training period
preceded the experiments to ensure a stable response crite-
rion. Informed written consent to participate in this study
was obtained from all observers.
2.2. Stimuli
Disk radius was 6 or 8.4 deg and disk luminance was
2.3 cd/m2. The surrounding annulus had an outer radius
of 14 deg and was sinusoidally modulated between 3 and
50 cd/m2 (89% Michelson contrast) at a frequency of
0.75 Hz (Fig. 1). Stimuli were generated using a Vision-
Works computer graphics system (Vision Research Graph-
ics, Durham, NH, USA) and presented on an EIZO
FlexScan FX-E7 monitor with a frame rate of 88 Hz.
Luminance changes on the central disk due to voltage
instabilities of the monitor were measured by a fast, sensi-
tive light diode and eliminated by appropriate counter-
phase modulation. The monitor was turned on 2 h before
the experiment to become stable. Luminance modulation
is deﬁned as Michelson contrast (Lmax  Lmin)/
(Lmax + Lmin).
2.3. General procedure
Observers ﬁrst dark-adapted for 5 min. Thereafter a
commercial photoﬂash unit (Metz Mecablitz, model 32
Z-1, Zirndorf, Germany) was used to deliver a 2.5 ms ﬂash
to one eye for eliciting an afterimage. The surface of the
photoﬂash was masked except for a circular aperture of
12 mm (0.7 deg) in diameter. Subjects ﬁxated a thin cross
in the middle of the aperture from a distance of 1 m with
a 5 mm aperture placed directly in front of the eye; when
they were aligned, they triggered the ﬂash. A black patch
covered the other eye.
Care was taken to ensure safety. UV- and IR cut-oﬀ ﬁl-
ters (Schott OG515 and KG2, ITOS GmbH, Mainz, Ger-
many) narrowed the spectral emission of the ﬂash at the
short and long wavelength ends of the spectrum. Safety
standards complied with the European Norm EN ISO
10940 (1998). Observers were subjected to not more than
four series of measurements per day. An interval of
15 min between trials minimized carry-over eﬀects from
previous exposures. The experiments were approved by
the Ethics Committee of the University of Freiburg.
Immediately after eliciting the afterimage, observers
positioned themselves on a chin–forehead rest in front of
the monitor. Observation distance was 57 cm and ﬁxation
was monocular in the center of the disk–annulus pattern
(Fig. 1).
To cancel afterimage pulsation we modulated the lumi-
nance of the central disk in counter-phase to the annulus.
Observers adjusted the modulation contrast of the disk
by keystroke using the method of ascending and descend-
ing limits. They pressed one of two keys to increase or de-
crease modulation, until the afterimage pulsation became
just invisible or visible again.
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To assess the eﬀect of changing pupil size on afterimage
pulsation, we used a specially designed contact lens (Hecht
Contactlinsen GmbH, Au, Germany) for an artiﬁcial pupil.
The contact lens covered the entire iris and was completely
opaque except for a central aperture of 4 mm in diameter.
To dilate the pupil two drops of 0.5% Tropicamid (Mydri-
aticum Stulln, Pharma Stulln GmbH, Stulln, Germany)
were instilled into the eye before we inserted the contact
lens. With the artiﬁcial pupil the amount of counter-phase
modulation on the disk required to stop afterimage pulsa-
tion, CC, did not diﬀer from the values obtained with the
natural pupil (ANCOVA: F (2,67) = 2.79, ns). Therefore
pupillary changes were ruled out as contributing to after-
image pulsation.
2.5. Intraocular stray light
To account for intraocular stray light scattered onto the
fovea from the annular surround, we ﬁrst determined a
stray light parameter, using the stray light meter by van
den Berg and IJspeert (1991). Intraocular light scatter
was measured in each subject by determining the amplitude
of counter-phase modulation required to render the foveal
stray light steady. Using this stray light parameter we com-
puted the amount of modulated stray light contrast, CS,
originating from our annulus, according to the procedure
outlined by van den Berg (1995).
3. Results
Following the ﬂash, the afterimage at ﬁrst remained
steady until after about 20 s it began to alternate between
bright and dark, reaching a maximum modulation between
120 and 180 s after exposure. Thereafter, the afterimage
gradually subsided and pulsation became weaker until it
stopped at about 300 s.
In total, we controlled for the following artifacts:
First, monitor cross talk between the annulus and cen-
tral disk was measured and compensated for.
Second, outside reﬂection of scattered light onto the disk
was minimized by covering all reﬂecting surfaces in the
room with black velvet. The remaining reﬂected light from
the screen of the monitor was less than 0.02 cd/m2 (corre-
sponding to <0.5% contrast on the central disk).
Third, variation of retinal illuminance due to pupil size
was excluded by using an artiﬁcial pupil (see Section 2.4).
Fourth, simultaneous contrast occurring on the disk
(Fig. 2) was ruled out as a potential factor for afterimage
pulsation by compensating the induced lightness changes
on the disk by counter-phase luminance modulation. Sub-
jects reported unanimously that afterimage pulsation con-
tinued to be seen after the lightness of the disk was
stable. In fact, afterimage pulsation under this condition
was enhanced, since the compensatory modulation required
to render the brightness of the disk constant, was in phasewith the modulation of the annulus and thus added to the
annulus-induced eﬀect.
Fifth, intraocular stray light scattered onto the fovea
from the annular surround was accounted for by comput-
ing the amount of modulated foveal stray light contrast,
CS, originating from the annulus (see Section 2.5). CS is
indicated by horizontal lines in Fig. 3 (for numerical values
see Table 1). This stray light modulation adds a ﬂicker
component to the background luminance that is in phase
with the annulus. It is therefore a potential cause of after-
image pulsation.
To assess the role of stray light, we simulated light scatter
by superimposing modulated light onto a steady disk (no
modulated surround), comparable to Walravens ‘‘veiling
luminance’’ (Walraven, 1973). Disk luminance was 2.3 cd/
m2 and modulation frequency was 0.75 Hz. The threshold
contrast required for afterimage pulsation, DC, was then
found by adjusting the contrast of the veiling light using
themethod of ascending and descending limits. Data for ﬁve
subjects and two disk sizes are plotted in Fig. 3. Results re-
ﬂect the time course of afterimage sensitivity to modulation.
Fig. 3 shows that the modulation contrast of the stray
light, CS, frequently exceeds DC, the contrast threshold
of the background luminance required for the detection
of afterimage pulsation and thus would, in principle, suﬃce
to elicit afterimage pulsation. We therefore asked whether
pulsation would persist if the stray light on the background
disk were counteracted (by counter-phase modulation of
the disk; Fig. 2). If intraocular light scatter were the sole
factor responsible for the annulus-induced afterimage pul-
sation, pulsation should stop as soon as the stray light
modulation contrast, CS, was less than DC (the back-
ground modulation required for afterimage pulsation). If,
however, pulsation continued to be seen, a long-range neu-
ral factor would have to be assumed. We therefore deter-
mined: (i) how much compensatory modulation of the
disk was needed to cancel afterimage pulsation (in the pres-
ence of the annulus) and (ii) compared it to the compensa-
tory modulation required for reducing stray light
modulation to the threshold value DC.
To eliminate the afterimage pulsation, we modulated the
central disk in phase with the afterimage (and in counter-
phase to the annulus). Note that decreasing the disk
luminance will make the afterimage brighter, whereas
increasing the luminance will make it darker. Using the
method of ascending and descending limits as before,
observers determined the contrast, CC, of the compensato-
ry modulation required for eliminating afterimage
pulsation. Data for ﬁve subjects and two disk sizes are
plotted in Fig. 4. Note that the compensatory contrast
was highest when the afterimage pulsation was strongest.
A comparison of the curveswith those inFig. 3 shows that
the required compensatory contrast,CC, for afterimage can-
cellation was signiﬁcantly higher in all cases than the com-
pensatory contrast required to disable the eﬀect of stray
light, CS  DC. We analyzed diﬀerences between CC and
(CS  DC) within 0 and 300 s after the ﬂash by comparing
Table 1
Numerical values for key terms used
Subject Disk radius CC (%) CS (%) DC (%) CN (%)
BZ 6 deg 12.0 7.5 8.0 12.5
CV 6 deg 16.0 9.4 5.7 12.3
KS 6 deg 8.5 7.5 5.2 6.2
TA 6 deg 11.5 6.2 4.2 9.5
X 6 deg 5.8 10.1
CV 8.4 deg 12.5 6.0 4.5 11.0
LS 8.4 deg 15.5 13.3 5.5 7.7
X 8.4 deg 5.0 9.4
The columns list CC, the amount of compensatory modulation contrast
needed to cancel afterimage pulsation; CS, the computed amount of stray
light modulation contrast; DC, the threshold for afterimage pulsation; and
CN, the resulting equivalent contrast of the neural eﬀect. Results are given
for disk radii of 6 deg (four subjects) and 8.4 deg (two subjects) together
with the averages (X ) of DC and CN, respectively. All values refer to
maximum afterimage sensitivity.
Fig. 3. Contrast threshold for a veiling light evoking afterimage pulsation. Threshold modulation contrast, DC, of the background disk required to elicit
pulsation of a foveal afterimage, is plotted as a function of time after the ﬂash. Each panel gives the results by one subject. Triangles (m) represent
threshold values obtained with an ascending method of limits and circles () values obtained with a descending method of limits. Curves (DC) are ﬁtted to
the averages obtained within 60 s bins. The horizontal lines indicate for each subject the computed stray light contrast, CS, on the central disk caused by
scattered light from the annulus. Data are given for disk radii of 6 and 8.4 deg, respectively.
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VA): BZ (6 deg): F (1,82) = 147.14, p < .001; CV (6 deg):
F (1,78) = 187.13, p < .001; KS (6 deg): F (1,78) = 94.01,
p < .001; TA (6 deg): F (1,58) = 118.03, p < .001; CV
(8.4 deg): F (1,52) = 225.29, p < .001; LS (8.4 deg):
F (1,94) = 131.26, p < .001.
The compensatory contrast, CC was typically also higher
than the whole stray light component, CS. Subjects invari-
ably reported that afterimage pulsation did not cease when
the stray light modulation was completely compensated.
Instead pulsation persisted, albeit weaker, and only
stopped at a rather higher contrast, CC. Table 1 enables
a comparison between the compensatory contrast for after-
image cancellation, CC, and the compensatory contrast for
stray light compensation, CS  DC. All values refer to the
curve troughs (Fig. 3) and peaks (Fig. 4) between 120
and 180 s when afterimage pulsation was strongest. The
diﬀerence between CC and CS  DC speciﬁes the neural
component, CN:
Fig. 4. Compensatory contrast necessary for stopping afterimage pulsation. Amount of compensatory modulation of the disk required for canceling the
annulus-induced afterimage pulsation, plotted as a function of time after the ﬂash. Each panel gives the results by one subject. For clarity only the medians
and interquartil ranges within 60 s bins are plotted. The number, distribution, and mode of representation of the data are comparable to Fig. 3.
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A simple response model may serve to explain the re-
sults. Let us assume that the response strength, R, associat-
ed with afterimage pulsation (measured in terms of the
average compensatory contrast CC for canceling pulsation,
Fig. 4) is due to a contribution RS from light scattered from
the annulus onto the fovea, and a contribution RN from a
lateral, neural process. We may write:
R ¼ RS þ RN.
Let us further assume that, for a given stimulus conﬁg-
uration and relatively small foveal contrasts, the afterimage
pulsation is a linear function of the contrast of annulus
modulation CA:
RS ¼ kSðCA  DCAÞ ¼ kSCA  kSDCA.
Here, CA is equal to the annulus contrast; DCA is the
contrast threshold of the annulus below which no pulsation
of the foveal afterimage can be seen. kS is a proportionality
factor relating the stray-light modulation at the fovea to a
foveal response RS, for a particular stimulus conﬁguration
(also taking care of the diﬀerence in units for contrast andresponse). kS CA is the computed contrast CS and kS DCA is
equal to DCS, a threshold magnitude. Similarly, for the
neural process we write:
RN ¼ kNðCA  DCAÞ ¼ kNCA  kNDCA;
where kN is an induction factor accounting for the strength
of the proposed neural, lateral process aﬀecting afterimage
pulsation. This induction factor also depends on luminance
and geometry, such as the size of the annulus and its inner
diameter. In the case of the same disk–annulus conﬁgura-
tion both kN and DCA are constants; analogous to the case
for stray light, we write kN CA = CN and kN DCA = DCN.
Thus,
R ¼ ðkSCA  kSDCAÞ þ ðkNCA  kNDCAÞ
¼ ðCS  DCSÞ þ ðCN  DCNÞ
¼ ðCS þ CNÞ  ðDCS þ DCNÞ.
Similarly, replacing R by the compensatory contrast CC,
we obtain
CC ¼ CS þ CN  DC;
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old that needs to be overcome in order to observe afterim-
age pulsation, regardless of whether it is caused by a neural
process or scattered light on the fovea. Finally we obtain
the equivalent contrast for the neural eﬀect:
CN ¼ CC  CS þ DC.
CC is derived from the curves for the compensatory con-
trast of Fig. 4, CS is due to stray light at the fovea
(Fig. 3, Table 1), and DC is the background (disk) contrast
threshold plotted in Fig. 3. The value of the equivalent con-
trast for the lateral eﬀect, CN, is thus found by combining
the results of Figs. 3 and 4. For example, observer BZ re-
quires CC = 12% to cancel pulsation. CS is 7.5% at the cen-
ter of the 6 deg disk and threshold background contrast DC
is 8% (Fig. 3). The neural eﬀect, CN, is thus equivalent to
12% 7.5% + 8% = 12.5% contrast.
As might be expected, the neural eﬀect is relatively con-
stant over the whole time period, and the values for CN are
similar among subjects. For the smaller disk size the aver-
age equivalent contrast for four subjects is 10.1 ± 3.0%
(SD) while for the larger disk size the average equivalent
contrast for two subjects is 9.4 ± 2.3% (Table 1). However,
this diﬀerence is not signiﬁcant.
4. Discussion
A peripheral annulus, modulated at high luminance con-
trast causes a foveal afterimage to appear dark and bright
in counter-phase to the annulus. Brightness pulsation per-
sists even after potential artifacts due to pupil size, simulta-
neous contrast, and intraocular stray light have been ruled
out. We therefore propose the existence of a long-range,
lateral process.
How can we account for the observed afterimage pulsa-
tion? Two alternatives are conceivable. It is possible that
the same mechanism mediating simultaneous contrast on
the disk may also induce foveal afterimage pulsation—via
remote control—thus explaining why both change in phase.
There is also evidence suggesting that afterimage pulsa-
tion may originate form an independent long-range eﬀect.
Shevell, Holliday, and Whittle (1992) studied simultaneous
contrast induction by a steady annulus on an enclosed
bright or dark disk and found that the lightness of a test
spot superimposed onto the disk changed in the same direc-
tion as the simultaneous contrast. These authors suggest
that the mechanism mediating the lightness of the test is
independent of the mechanism inducing simultaneous con-
trast on the disk.
Other authors have also reported assimilative brightness
changes by non-contiguous inducing regions. Shapley and
Reid (1985) demonstrated that a light disk surrounded by
a medium grey annulus assumed diﬀerent brightness
depending on the luminance of a larger background on
which the disk and annulus conﬁguration was placed. With
a black background and thus a light annulus (due to simul-
taneous contrast) the enclosed disk paradoxically appearedbrighter than with a white background. This counter-phase
relationship is analogous to what we see in the afterimage
(see also Reid & Shapley, 1988; Valberg, 2005; Fig. 1.6).
More recently, Hong and Shevell (2004) demonstrated
that the brightness of a 16 cd/m2 test ring markedly de-
creased when the luminance of non-contiguous rings was
shifted from 18 to 24 cd/m2. Interestingly, the change of
brightness in the test could be observed when the area be-
tween the test and the non-contiguous rings was 18 cd/m2
but not when it was 24 cd/m2. The authors concluded that
the inﬂuence of the distant rings onto the test depended
critically on the luminance of the immediately adjacent
area. Similarly, in cursory observations we found that
afterimage pulsation was strongest on a dark central disk.
Increasing disk luminance markedly reduced the strength
of pulsation. Both ﬁnding corroborates the neural integra-
tion model by Rudd and Arrington (2001) that posits that
neural signals from the border diﬀuse into a retinotopic
visual representation of the stimulus and thereby change
the apparent brightness of the central test.
Although there are analogies between these and our re-
sults, test size and the angular separation between contigu-
ous and non-contiguous edges diﬀer considerably. Whereas
studies in the literature report interactions over a few min
of arc, we ﬁnd several degrees of visual angle. This also ap-
plies to the spatial thresholds reported for the Westheimer
paradigm and other tests of center–surround interaction
(Westheimer, 2004), where the distance between test and
surround typically does not exceed 1 deg. Thus, in our
study the surround signal arising at the edge between annu-
lus and disk would have to travel much farther than hith-
erto assumed to aﬀect the foveal afterimage.
Current models of contrast perception do not readily ex-
plain the phenomenon of afterimage pulsation reported
here. One problem is the large distance the signal needs
to travel (6–8 deg), another is the in-phase relationship be-
tween disk and afterimage brightness that deﬁes any expla-
nation in terms of local simultaneous contrast. Our results
strongly support the assumption that perceived contrast in
the fovea not only depends on local processing (i.e., the
disk), but is also subject to lateral or global eﬀects (i.e.,
annulus). The long-distance interaction found under our
conditions is consistent with neurophysiological ﬁndings
obtained with single-cell recordings in the lateral geniculate
nucleus and visual cortex of the monkey (Allman, Miezin,
& McGuinness, 1985; Solomon, White, & Martin, 2002;
Valberg et al., 1985). In the macaque geniculate nucleus,
adding a white annulus around the stimulus and adapta-
tion ﬁeld shifted the intensity–response curve along the
intensity axis to a higher range (Valberg et al., 1985). Since
intensity–response curves can be non-monotonic, the re-
mote surround eﬀect results in an increase or decrease in
responsiveness (facilitation or suppression) dependent on
stimulus intensity and contrast. This adaptive gain control
regulates the sensitivity and stimulus-related response of
geniculate cells by means of a long-range neural eﬀect
and may also do so in the case of an afterimage following
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sensitivity may constitute the neurophysiological correlate
of the afterimage pulsation reported here.Acknowledgments
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